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ABSTRACT
It has been previously reported that the speed and
contrast of a given film-developer combination is influenced
by the addition of PEO to either the developer or to the
emulsion. Factorial experiments were conducted upon Ag(Brl)
and Ag(BrCl) films to determine the PEO development effects
on hydroquinone and N-methyl-p-aminophenol developers of
normal sulfite level. Various levels of exposure, bromide
concentration, and PEO addition to the developer were
employed to gain information about possible interactions as
well as individual effects. Density-log time of development
curves were obtained using the method of arrested develop
ment. Response variables were induction period and maximum
rate of post-IP development. The PEO effect upon the induc
tion period was qualitatively similar for both the bromo-
iodide and chlorobromide films, but depended upon the
developing agent the induction period increased with hydro
quinone, but remained unchanged with N-methyl-p-aminophenol.
The rate depended upon the silver halide grain composition
an increase was observed only when Agl was present. PEO
addition had no influence upon the covering power. As the
bromide level increased, the induction period increased and
rate decreased. As the exposure level increased, induction
period decreased and rate increased. A significant bromide-
PEO interaction was observed only for the induction period
of hydroquinone development for both films.
CHAPTER I
INTRODUCTION
As early as 1941 , PEO's (commonly known as poly
ethylene oxide or PEG for polyethylene glycol) and deriva
tives such as long-chain ethers or esters were used as
wetting agents for coating photographic emulsions and for
photographic development. During the late
1940'
s, Blacke
' '
patented PEO as a means of increasing photographic speed and
accelerating development.
In spite of the extensive application of PEO and its
derivatives in past and present photographic technology,
(Appendix B) much of the published literature dealing with the
mechanism of the photographic effect remains confusing. An
extensive survey of PEO-related photographic literature
yielded data that appeared to be contradictory, so removed
from practical photographic systems or so illogical in
arranged experimentation, that simpler investigations were
conducted to provide solid evidence of the PEO effect and
to establish a foundation for future experimentation. In
retrospect, differences in reported values could easily have
stemmed from the variation in relative importance of retarda
tion and acceleration with variation in solution composition,
emulsion composition, and in the specific PEO used by various
investigators .
The development of silver halide films is conceptually
divided into an initiation stage, or induction period, and
a continuation stage. The term, induction period, describes
a period during which the growth of density is either
(1) less than can be detected by the measuring apparatus
or (2) the period of time required to reach the maximum rate
of development, i.e., when daD/dta>0, where D is the developed
density and t is the time of development. The second
definition will be used here unless otherwise stated.
1.1 Bromide Effect
Most photographic developers lacking soluble bromide
salts exhibit poor discrimination between exposed and un
exposed silver halide emulsion grains. The addition of salts
such as potassium bromide allows such discrimination to occur.
Silver halide emulsion grains commonly possess an
adsorbed layer of halide ions to minimize fog formation. 2
James-7^ suggested that such an adsorbed layer gave rise to
a kinetic phenomenon, known as the induction period, and thus
proposed the charge barrier effect to explain his experi
mental data. He found that when the development rates of a
variety of developing agents were compared, the induction
period increased with the number of effective negative
charges on the developer ion, as long as strong silver halide
solvent action was absent. Presumably, the adsorbed halide
layer created an electrostatic potential difference between
the grain surface and the bulk solution that retarded the
approach and subsequent adsorption of negatively charged
reducing species. The induction periods of developing agents
for a given bromide level followed the order:
uncharged species < singly < doubly < triply charged species
Increasing the bromide level gave an even greater increase
in the induction period, and the relative effect increased
as the negative charge of the developer ion increased.
In other work, James
68,69,70
confirmed earlier indica
tions that bromide exerted a preferential action at the start
of development and that the action was more pronounced at low
exposures than at higher ones. If development by a pH 8,
sulfite free, hydroquinone developer was started in the
absence of bromide and then continued to a point beyond the
induction period, the addition of 0.1 g/liter KBr resulted
in a small rate decrease; however, if the same amount of KBr
was added at the beginning, a fivefold increase in the
induction period occurred. Larger amounts of KBr produced
a significant influence over the entire course of development
and gave decreased rates. Similar results were obtained with
69
a pH 4.8 ferrous oxalate developer. Since adsorption
saturation of the grain surface with bromide is reached at
[KBr]~10"3N, any further retardation was due to a lowering of
total silver ion (Ag+) activity through disturbance of the
equilibrium solubility of silver halide, i.e., increasing
pAg. Meidinger ' x has also shown that the relative induc
tion period decreased with decreasing bromide concentration
of the developer as well as with increasing exposure.
Low levels of bromide have been shown to decrease the
rate of fog formation to a relatively greater extent than
the rate of latent image development for both AgBr and Ag(Brl)
films. Furthermore, if development was continued to equal
gamma values in a solution series varying only in bromide
level, the D log E curves were found to be displaced toward
larger exposure levels as the bromide level increased. ^
These observations show a preferential action of bromide
during the beginning of development. Bromide has also been
shown to decrease the rate of density growth in the lower
exposure regions to a greater extent than in the higher
exposure regions.'0 Indeed, Willis and Turk have shown
that bromide, under development conditions, can induce latent
image bleaching in low exposure regions when the reduction
potential was sufficiently low.
Little work has been done with the effect of bromide
upon development in the presence of PEO. Van Veelen and
BerendseniU did show that the retarding effect of PEO on
hydroquinone development was more pronounced in the presence
of bromide than in its absence. They attributed the bromide-
induced increase in induction period to the decreased adsorp
tion of the hydroquinone dianion. Sheberstov et al.* also
found that increasing the bromide level of PEO-doped hydro
quinone developers increased the induction period of develop
ment for a Ag(Br98I4) film as well as decreasing the rate of
post-IP development.
1.2 PEO Effect
Polyethylene oxides (PEO) and their derivatives consti
tute a class of nonionic surface active agents-5-5 that can
effectively accelerate or retard photographic development.
'65
Their action is of approximately the same magnitude as
quaternary surfactants and can under some conditions add to
that of quaternary salts. - They can be emulsion or
developer incorporated with approximately the same effect
indicating that the effect is primarily on development,
although use in a developer gives rise to some diffusion
effects. Neither simple acceleration nor retardation
of photographic development has any practical importance;
the commercial importance of PEO arises in the development
of camera speed negative and lithographic films. In the
first instance, PEO can give higher film speeds at a
given value of contrast and graininess. Lind101 has shown
this for pure bromide and iodobromide films of the same
emulsion type and has further demonstrated that, in double
jet emulsions with uniform iodide distribution, PEO induced
only an acceleration of development with no speed gain. For
lithographic systems, PEO can give increased contrast and
depressed toe densities at shorter development times, thereby
enhancing the lith effect.
Simple, unsubstituted PEO can be represented by the
generalized formula:
HO-(CH- CHgOn-H
These surfactants are commonly prepared by polymerization
processes from which a range of molecular weights is produced,
giving n only an average value. Unsubstituted polymers and
long chain derivatives of lower polymers with molecular
weights in the range 1500 to 20,000 are photographically
active. 2>7, 8, 15, 17, 65 The number of ethylene oxide units
and the degree of substitution of the PEO molecule are
particularly important.
' >14>15 churaeva, et al.11
examined the effect of various molecular weights of PEO upon
the increase of photographic speed and showed that simple
PEO's with n = 10-20 abruptly increased the speed. Borin,
et
al.2 showed that as the length of the ethylene oxide
chain increased to n = 40, the photographic speed reached a
maximum for both simple and alkyl ether derivatives of PEO
7
when added to the emulsion. Rovinskaya, et al . demonstrated
that the addition of hydrophobic or hydrophilic groups to the
PEO molecule or changing the PEO molecular structure from
linear to branched gave no appreciable intensification of the
effect as long as n = 40. Van Veelen and Berendsen*3
observed no PEO acceleration if n was in the range 2-5 for
a variety of PEO's; however, ether derivatives required
values of n > 10 and ester derivatives required n > 23 .
Borin, et al.2 studied a series of PEO derivatives and found
that the maximum effect obtained with phenylthiocarbamate
derivatives occurred at much lower concentrations than those
of the original PEO's.
The PEO development effect has been reported as free
from the interference of emulsion addenda such as S-containing
sensitizers, gold salts, carbocyanine spectral sensitizers,
stabilizers and hardeners.1'2'11'16' 53,Appendix B Borill)53
however, has shown that the addition of PEO to silver halide
melts prior to spectral sensitization over addition later
1 5
resulted in increased speeds. Sheberstov, et al . ' found
that PEO accelerated chemical ripening of emulsions and that
the degree of MQ (N-methyl-p-aminophenol/hydroquinone)
acceleration by PEO decreased as the ripening increased to an
5 48
optimum level for both AgBr and Ag(Brl) emulsion layers. '
Development acceleration by PEO-doped developers has also
been found to be more rapid for coarser-grained emulsions
relative to finer-grained ones, ' however, the emulsions
were probably dissimilar in other respects.
The degree of acceleration or retardation by PEO
depends upon the developing agent, developer composition,
and composition of the silver halide emulsion. These factors
have been extensively studied by a number of investigators,
notably the Russians, on both AgBr and Ag(IBr) films of
varying mole % Agl. The Russian work was conducted with
surface latent image developers such as MQ, PQ, N-methyl-p-
aminophenol, and hydroquinone with pH generally in the range
10.2-10.8 and with acceptors such as ascorbic acid or sulfite
13 4 5
at normal levels. ' ' ' Some work was done with pH 8.1
N-methyl-p-aminophenol development1 and with pH 4.0-5.8
development by 2,4-diaminophenol 6 without change in the
observed photographic effect. Analogous results have also
been found with internal latent image developers, but not
with post-fixation physical development.1
Most of the studies on the accelerating effect of PEO
have been conducted with l,2,3-trihydroxybenzene/2,4-
diaminophenol46, MQ1 -2,6,4,16,42, 52,99 or pQl,6,52 developers
upon AgBr and Ag(Brl) films. Acceleration, however, has
also been reported for developers containing only one develop-
21
ing agent: hydroxybenzenes (1,2-dihydroxybenzene , 1,2,3-
trihydroxybenzene2--, hydroquinone derivatives-* such as
tetrachloro, isopropyl, dichloro, chloro, trichloro, and
methCKyhydroquinone relative to hydroquinone itself), amino-
hydroxybenzenes1'3'4'5'6'7'21 (p-aminophenol,95 N-methyl-p-
aminophenol"'100, 2,4-diaminophenol) , p-phenylenediamine1 9 ,
and l-phenyl-3-pyrazolidone.1
Churaeva and Rybnikova11 added simple PEO of the general
formula HO(CHaCHaO)nH to emulsions before coating and found
that emulsion speed for incomplete development increased
when n was 10-20 or greater, and that speed increased as did
n. The maximum speed, however, in a development time
series remained the same as a non-PEO containing control ,
but was reached in a shorter time of development (their
definition of the speed was not mentioned). Thus, PEO acted
more as a development accelerator, rather than a sensitizer,
and allowed attainment of maximum speed at shorter develop
ment times. Borin, et al.2 showed similar results when
simple PEO and alkyl esters of the type, C1oH3iO(CHaCH80)nH
were added to either the emulsion or MQ developer. Churaeva
and Sheberstov1 , along with Shishkina42) found that PEO
addition to a MQ developer also led to an increase in the
selectivity of development i.e., PEO accelerated the develop
ment rate of image density and to a lesser extent that of fog
development. Sheberstov, et al. also found the photographic
effect of PEO to be dependent upon its concentration when in
the developer.
Many explanations have been offered for the development
acceleration of superadditive developer combinations. In no
instance was a case of PEO acceleration reported unless the
more active agent was accelerated when used alone. Shishkina--2
and Ovechkina, et al . studied the degree of PEO acceleration
in terms of the illuminance level used during exposure of the
photographic film. They suggested that the PEO acceleration
of MQ developers was due to the inhibiting action of PEO upon
10
small latent image centers. Low intensity, long exposures
caused greater acceleration relative to highly intense, short
exposures in PEO-doped emulsions, whereas the reverse was
observed with a non-PEO containing control. Sheberstov,
47
et al . found contradictory results the degree of the PEO
effect was larger at the higher illuminance levels. Photo
graphically active PEO has been shown to be adsorbed by
binder-free silver nalide1513181220'21'24-25) by
silver21'22'27'37'40, and by mercury19'23. Churaeva and
Sheberstov16
postulated PEO adsorption to latent image
centers the effect being one of latentsification. Zhdanov4l
suggested that his studies with nuclear emulsions gave results
that supported PEO acting not on reactions involving the
sensitivity centers, but rather on reactions in which the
entire volume or surface of the silver halide grain parti-
cipated.
Gorokhovskii""
showed that adsorption of PEO onto
a DME (dropping mercury electrode) increased as the number of
ethylene oxide units in the PEO molecule increased, up to
n = 42. Herz and Helling24 found that Carbowax 1000
decreased the isoionic point of Agl dispersions and suggested
that adsorbed PEO acted as a pseudocationic agent by forming
oxonium ions, involving silver-oxygen bonds. The isoionic
point of the Agl suspension was defined by that pAg at which
neither excess halide nor excess Ag+ were adsorbed at the
silver halide surface. This could promote adsorption of
11
anionic developers, but it must also be expected that
acceleration of development would then occur strongly for
hydroquinone and ferrous oxalate rather than N-methyl-p-
aminophenol or 1 -phenyl -3 -pyrazolidone, which is not the
case (discussion of hydroquinone and ferrous oxalate develop
ment follow later). Herz50 also showed that synergistic
increases in speed and contrast were possible when colloidal
metals, such as
Ag
, were mixed with PEO and added to
1 2bromoiodide emulsions. Wood found no evidence of gelatin
displacement by cetyl PEO, although changes in the structure
of the adsorption layer could have occurred, resulting in
incomplete displacement of the gelatin. Churaeva and
RybnikovaT--- attributed the acceleration to an adsorption
displacement of gelatin by PEO. Oguchi and Kuwabara~-8
suggested that polyoxyethylenelauryl ether, Ci8H8S0(CHaCH80)s0H,
formed micelles at the grain surface. Accordingly, these
micelles solubilized undissociated molecules of developing
agents, thus making transfer more effective to replenish
that used up as development proceeded. Indeed, such micellar
formation of PEO surfactants in aqueous solutions has been
51
documented. Simple PEO's, such as Carbowax 1540, are
miscible in all proportions with gelatin. Their effect upon
the surface properties of gelatin may be fundamentally
important and this is consistent with the work of Van Veelen
and
Berendsen.13 If PEO dissolves in gelatin, these experi
ments indicating its replacement may not be significant .
12
Hillson19 studied PEO adsorption with the DME and suggested
that adsorption involved oriented dipoles, thus shifting
the surface potential to more positive values, similar to
cationic surfactants. Wood 21,22 suggested that PEO inter
fered with the adsorption of the semiquinone ion at the
developing center. None of these explanations, taken alone
or together, can account wholly for the PEO acceleration
effect much less for the paradoxical differences observed
for hydroquinone and ferrous oxalate that will be detailed
later.
1 2 97
In view of the work of Wood ' ' and Van Veelen and
J QBerendsenx
, any mechanism that depended upon the direct
adsorption of PEO to silver or silver bromide is doubtful.
Both investigators found that even at relatively low gelatin
concentrations, PEO was desorbed, the magnitude of desorption
increasing as did the gelatin concentration. Van Veelen
l -}
and
Berendsenx
showed that active concentrations of PEO
markedly modified the physical properties of the gelatin,
increasing the amount of water adsorbed. Two phases with
different refractive indices were observed when PEO of MW
1000 was present in a wetted gelatin layer. They attributed
this to a hydrophilic PEO phase dispersed within the gelatin
phase and that such hydrophilization of the binder strongly
influenced the kinetic processes of silver halide solution
and the adsorption of developing agents. Inabe15, however,
observed some gelatin displacement, the degree increasing as
13
did the molecular weight of the PEO molecule. No such
p c
phenomenon was observed for AgBr. Sugiura, et al . had
also found PEO adsorption to binderless Agl grains earlier.
Thus, PEO adsorption to Agl grains makes possible the
adsorption of PEO to iodide centers in a Ag(Brl) emulsion
layer. Numberous studies have shown that the acceleration
of development was more pronounced on Ag(Brl) films than on
pure bromide ones.1'4'6'13
Van Veelen and Berendsen13 concluded that development
acceleration depended upon the presence of a solvent for
the silver halide, the presence of gelatin, on the developer
activity, and on the presence of iodide, either in the silver
halide or developer. Summarizing their results, they
observed that PEO accelerated development by N-methyl-p-
aminophenol only when (1) sufficient sulfite was present,
(2) the developer was of low activity due to low pH, low
developing agent concentration, or high restrainer content,
and (3) for pH >8, when iodide was present, Presumably,
hydrophilization of the gelatin, induced by PEO, allowed an
increase in the solubilizing action of sulfite on the iodide-
rich centers of the Ag(Brl) grains and this action increased
c pe
as did the mole % of Agl. Sheberstov ' has further shown
that the PEO acceleration depended upon the degree of chemical
ripening of the emulsion ripening of a AgBr emulsion to a
low level gave some acceleration, whereas the efficiency of
acceleration dropped off for Ag(Brl) as ripening increased.
14
Many other investigators have also emphasized the
importance of the PEO-iodide interaction.28"32'54 Kumai
and Minagawa28 found via dialysis experiments that an
iodide-PEO interaction existed in aqueous solutions and that
the degree of interaction increased as did the ionic strength
of the solution. Bromide and chloride were also found to
interact, but to a lesser extent. This interaction was
also found to significantly modify the growth habit of
29
Ag(Brl) grains relative to AgBr grains in emulsion making.
Churaeva and Rybnikova44 observed PEO-induced grain aggre
gation in Ag(Brl) emulsions, but not AgBr, during the first
chemical ripening. They attributed this to PEO adsorption
during Ag(Brl) grain growth. Kumai, et al.30 further showed
that PEO accelerated fog and image development of Ag(Brl)
films as the ionic strength of a low pH, N-methyl-p-amino
phenol developer increased and as the iodide content of the
emulsion grains increased. Some acceleration of a pure AgBr
film was observed and its relative degree increased as did
the ionic strength. Kumai and Inaba32 found that PEO
markedly increased the rate of solution physical development
of pure Agl grains in the presence of gelatin, but retarded
development of a binder-free Agl sol. PEO only slightly
accelerated a pure AgBr emulsion layer, but greatly increased
that of a Ag(Brl) one. Hence, PEO appeared to reduce or
eliminate the retardation by gelatin upon development of Agl
grains. Kumai, Inaba, and Ueda31 and also Nishiyama and
15
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Berg showed that the conversion
AgBr +
I"
-? Agl +
Br"
was greatly accelerated by PEO in the presence of gelatin.
Churaeva, et al.6 showed that PEO acceleration of MQ develop
ment of a Ag(Brl) emulsion required a minimum of two
mole % Agl at constant emulsion pBr and that there was no
influence of emulsion grain size. Thus, the ability of PEO
to associate with iodide ions is important to the accelerating
effect.
In contrast to the acceleration induced by PEO for some
developing agents, development retardation has been observed
by developers containing only hydroquinone1'3'4'5'6'9'12'21'99'100,
ascorbic acid67, hydroxylamine67'90, N-(4-hydroxyphenyl)-
glycine21
22, and ferrous oxalate1'6'43, and derivatives of
hydroquinone9 13> 21 such as methylhydroquinone, bromohydro-
quinone, and sulfonated hydroquinone. The quantitative
effect of the retardation depended upon the composition of
the developer and the emulsion layer AgBr or Ag(Brl) and
occurred in the early stage of development, i.e., the
induction period.
Churaeva, et al.1 found that the addition of increasing
levels of benzotriazole to a hydroquinone developer with
and without PEO, at constant bromide level, successively
increased the induction period and decreased the rate of
post-IP development of a Ag(Brg6I4) film. Sheberstov,
et
al.1'4'5 observed the induction period for hydroquinone
16
development to increase with increasing PEO concentration
for both AgBr and Ag(Brl) films. In the Ag(Brl) film,
however, the post-IP development rate was significantly
higher and the maximum optical density likewise increased.
Qualitatively analogous results were obtained with ferrous
15 6
oxalate developers ' ' , free of interference from pH
changes6 >37 and with some questionable dependence on the
Fe8+/Fe3+
redox potential.37-43 Wood122122 suggested
that the inhibition of hydroquinone development was due to
the interference of semiquinone accumulation at the develop
ing latent image centers, thus accounting for the MQ
acceleration, since N-methyl-p-aminophenol would not be
affected.62 Such explanations seem unlikely when high
concentrations of sulfite are present in the developer55 and
certainly don't apply when the developing agent is ferrous
21 22 K7
ion, N-(4-hydroxyphenyl)glycin x , ascorbic acid0', or
hydroxylamine . 67 ' 90
Hillson9 showed the retardation to be specific to PEO
and the developing agent and was not correlated with the
activity of the developing agent or its redox potential.
Development retardation was attributed to the inability of
the developing agent to form a mixed, adsorbed film with PEO,
and hence, the inability of the developing agent to penetrate
through the adsorbed layer and develop the underlying emulsion
i *3
grain. Since Van Veelen and
Berendsen-1-0 showed that PEO
was desorbed from silver or silver bromide by gelatin,
17
Hillson's suggestion seems doubtful. If PEO did increase
the hydrophilic nature of the adsorbed gelatin layer, how
ever, the adsorption of these weakly adsorbed developing
56 57 58
agents ' ' would be decreased further. Indeed, Van
Veelen and Berendsen showed that PEO inhibition of hydro
quinone derivatives, such as n-butylhydroquinone and methyl-
hydroquinone, relative to hydroquinone, decreased as their
adsorption to silver increased. They also demonstrated that
PEO accelerated development of Ag(Brl) by high sulfite,
hydroquinone developers when the pH was <pKi of hydroquinone,
i.e., less than pH 9.5; however, at pH 10, inhibition occurred
and they suggested that the increase in induction period was
due mainly to chemical development and a decreased adsorpt-
ability of the hydroquinone dianion. These observations could
also be correlated with the change in the degree of ionization
and consequent charge of the hydroquinone molecule.
22 r
Wood demonstrated that 2-[N,N-bis(B-hydroxyethyl)-
aminomethyl] -hydroquinone and 2-(N,N-diethylaminomethyl)-
hydroquinone, structures intermediate between hydroquinone
and N-methyl-p-aminophenol, gave much smaller induction
periods relative to hydroquinone. James67 also found that
the order for the development effect was the same as the
order of adsorption by the developing agents to silver
bromide. Chromatographic experiments at constant pH
indicated the following order in the degree of adsorption
to silver bromide:
18
1,2 -dihydxoxybenzene>hydroquinone > ascorbic acid ^hydroxylamine
Of these, hydroxylamine was the one where development was
most retarded by PEO. If it were assumed that PEO normally
accelerated development for strongly adsorbed developing
agents, then sufficient interference with the adsorption of
weakly adsorbed agents could cause a decrease in the adsorbed
74
concentration at the silver halide surface. Utoberger has
also suggested that PEO inhibited the adsorption of non-
surfactant-like developing agents, such as hydroquinone and
its derivatives, because they would not be expected to form
mixed micelles with non-ionic surfactants. Hence, those
surfactant-like developing agents, such as alkylweighted
hydroquinone, 1,2-dihydroxybenzene, and N-methyl-p-amino
phenol would be strongly adsorbed in the presence of PEO.
Existing data have shown little correlation between the
effect of gelatin and PEO upon the development of silver
bromide and silver bromiodide. Adsorbed gelatin was found
to retard development of AgBr sols and precipitates by N-
methyl-p-aminophenol, hydroquinone13'35, and hydroxylamine ',
however, Van Veelen and Borginon36 found that gelatin
accelerated development by p-phenylenediamine. To the
contrary, PEO accelerated development by N-methyl-p-amino
phenol and p-phenylenediamine, but retarded development by
hydroquinone and hydroxylamine.
Shaffer and Unger99 with Dutton and Hopkins100 observed
the PEO development effect under conditions of varying
19
developer composition. Shaffer and Unger were probably the
first to show that development of a Ag(Brl) film by N-methyl-
p-aminophenol was always accelerated by PEO and development
by hydroquinone was always retarded at both high and low
levels of sulfite. Their results with p-phenylenediamine,
l-phenyl-3-pyrazolidone, MQ and 1 ,2-dihydroxybenzene were
inconclusive due to the weak PEO response of the emulsion
layer. Dutton and Hopkins confirmed this work using both
sulfite and ascorbic acid as acceptors and a Ag(Brl) film
of higher mole % Agl. They further observed that the PEO-
induced retardation of hydroquinone development increased
as the sulfite level increased at constant pH.
PEO has been used in lithographic films39'60'64 and
3 8 ^9 97
developers '' to enhance the sensitometric characteris
tics of lith systems, i.e., depressing toe densities while
increasing contrast. Borin, et al.38 added PEO to Kodak D-85
developer and obtained increased contrast with Kodalith Ortho
Type 3 film. Borin's work was unique in that studies were
conducted with alkaline hydroquinone developers at low sulfite
levels and their results indicated an increase in induction
period with an increase in post-IP development an apparent
anomaly when compared to earlier work reported for hydroquinone
developers with normal sulfite levels.
In the previously mentioned literature results, acceler
ation and retardation of development by PEO were discussed in
20
terms of optical densities. Churaeva, et al.6 showed that
the PEO acceleration of N-methyl-p-aminophenol and MQ
developers and the retardation of hydroquinone developers was
also observed in terms of the developed mass of silver. For
the case of N-methyl-p-aminophenol and MQ development, PEO
addition to the developer had no influence upon the covering
power, even though changes in photographic speed were
observed. The covering power relation was not studied for
the hydroquinone developer. Shishkina42 also found PEO to
be without influence upon covering power for MQ development.
In passing, some work has been conducted upon the PEO
development effect in regard to the structure of the developed
45
image silver. Sheberstov and Borokova studied the PEO
effect upon Ag(Brl) films of narrow grain size distribution
and found that PEO addition to a MQ developer led to
appreciable deterioration of structural image characteristics
such as resolving power, effective light scattering, and
granularity. Kocherov, et al. ' showed that PEO doping of
ferrous oxalate developers caused greater filament formation
of developed silver.
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CHAPTER II
EXPERIMENTAL
2.1 Basic Plan of Experiments
The literature has indicated what may be expected in
terms of the PEO development effect using a variety of
developing agents under conditions where other variables
were changed at a single exposure level. Few specific com
parisons of the same agent under varying developer composi
tions were found. Most of the reported data was collected
from studies upon AgBr and Ag(Brl) films of varying mole %
Agl. No data were found that characterized the PEO develop
ment effect upon Ag(BrCl) emulsion layers, commonly used in
a
lithographic films. Thus, the objectives of this work were
to measure the effect of PEO upon induction period and maximum
rate of post- IP development with various developer composi
tions in order to determine if significant interactions were
present .
Factorial experiments were conducted upon Ag(Brl) and
Ag(BrCl) films to determine the PEO effect upon practical
hydroquinone and N-methyl-p-aminophenol development at normal
sulfite levels. Thus, the entire study was divided into
four distinct blocks. Each experimental block was that of a
full factorial design, twice replicated, three factor model
with all factors crossed and fixed. Exposure value,
22
bromide concentration of the developer, and PEO addition
to the developer comprised the three factors, with each factor
being subdivided into four, three, and two levels respectively,
Various levels were employed in order to gain information
about individual effects as well as possible interactions of
PEO with bromide and exposure. Response variables were
induction period (IP) and the maximum rate of post-IP develop
ment.
Density-time of development curves woe obtained using
the method of arrested development of a series of exposed
test strips as a function of time. This method gave rise to
an inherent error the uncertainty of the time at which
development ceased became relatively more significant with
shorter development times. For this reason, the minimum
bromide level for each block was selected to provide some
certainty that the induction period was not merely a measure
of the diffusion time of developer components and to provide
some assurance that real effects could be observed in the
early stages of development. The minimum bromide level also
had to meet a second criterion since PEO has been found to
increase the fog level16, the PEO containing, low bromide
developers could not be allowed to produce (nonimage) fog at
the longest development times used. In all cases, this
bromide level was found to be equivalent to that established
by the first requirement.
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2.2 Materials Used
Kodak Commercial 4127, Estar-Thick Base film (emulsion
number C4127-378-13) was utilized for its Ag(Brl) emulsion
layer. Kodak Industrex R, Single-Coated, SR 54 film (emulsion
number SR-193-3-F73) was utilized for its Ag(BrCl) emulsion
layer.
All chemicals were of photographic grade, except KBr which
was of analytical reagent quality. All weighings were made
with a Mettler H10 analytical balance and developer pH was
measured with a Corning Model 12 Research Meter. pH readings
were taken from the expanded scale after standardization of
the glass electrode with the appropriate buffer (pH 7.00 or
10.00). Carbowax 1540 (Union Carbide Corp.)61 was employed
as the PEO and can be represented by the structure
H-(0CH8CH2)n-0H where n - 29-36
The N-methyl-p-aminophenol and hydroquinone developers
were of such composition that they may be assumed to develop
only surface latent image in emulsions with normal chemical
sensitization. The sulfite level was low enough to give
only slight solvent action and slight solution-physical
development .
Developers were formulated one day prior to their use
and stored overnight in fully topped-up, glass-stoppered
containers. KBr levels varied depending upon the developer-
film combination for hydroquinone/4127: 1.00, 2.00, and
24
4.00 g/liter KBr were used; for N-methyl-p-aminophenol/4127:
2.00, 4.00, and 8.00 g/liter; for hydroquinone/lndustrex R:
0.20, 0.50, and 0.80 g/liter; and for N-methyl-p-aminophenol/
Industrex R: 2.00. 4,00, and 6.00 g/liter. Carbowax 1540
was either totally absent from the developers or added at
the level of 1.00 g/liter. The hydroquinone/lndustrex R
block was the sole exception, utilizing a level of 0.50 g/liter.
Developer formulations are listed below, with consti
tuents mixed in the order listed. Developer pH was adjusted
with 6N NaOH or Hg S04 , when necessary, to within the range
indicated.
Hydroquinone Developer
anhydrous NaaS03 (0.11 M) 14.00 g
anhydrous Na2C03 (0.32 M) 34.00 g
hydroquinone (0.064 M) 7.00 g
KBr as designated
Carbowax 1540 as designated
distilled water to one liter volume
pH = 10.29 0.02
ionic strength =1.4
N-methyl-p-aminophenol Developer
anhydrous Nas S03 (0.11 M) 14.00 g
NaOH (0.10 M) 4.00 g
Borax (0.011 M) 4.00 g
(Na^O- -10 HgO)
N-methyl-p-amino
phenol bisulfate (0.095 M) 21.00 g
KBr as designated
Carbowax 1540 as designated
distilled water to one liter volume
pH = 8.08 0.02
ionic strength = 0.48
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2 .3 Experimental Procedure
One liter, KIMAX glass graduated cylinders were cut off
at the 650 ml mark and the ends firepolished, so that a 500 ml
volume of developer could be used. Stainless steel, nitrogen
sparge tubes'8 were then added so that purified nitrogen
could be introduced through a series of holes in the tube
loop, which rested on the bottom of the graduated cylinder.
A reduction valve allowed adjustment of the nitrogen pressure
to give 3 centimeters of 'burst' height. Exposed film
strips, measuring approximately 3 cm by 15 cm, were hung
lengthwise from the lip of the cylinder wall with Kodak
Dental X-ray film clips, with the emulsion side pointing
inward and high exposure end of the strip toward the bottom
of the cylinder. An additional film clip was added to the
free end of the film strip to keep it flush with the cylinder
wall during burst cycles. Exposed film strips were developed
for designated times, generally at intervals of 0.25 minutes.
The 500 ml volume of developer was considered exhausted when
exposed strips could not be reproduced, within experimental
error, after preselected development times.
Temperature control was maintained at 23.40 0.15*C
by a Blue M, Magni Whirl constant temperature water bath.
The graduated cylinders were immersed within the bath's
holding tank and supported externally. It was found that
both the frequency and the duration of the nitrogen burst
26
affected the degree and uniformity of development; however,
the frequency of the bursts was found to be the dominating
factor. On this basis, a Kodak Intermittent Gaseous Burst
Valve, Model 1904, was adjusted to give a 0.4 second burst
duration every 8 seconds. This provided sufficient agitation
to maintain the water bath temperature throughout the volume
of developer within the graduated cylinder, after an initial
15 minute equilibration period.
After development at designated times, the film strips
were rapidly removed and acid quenched in a pH 2.9, Kodak SB-1
Stop bath for 30 seconds. This was followed with a 10 minute
clearing in Kodak Fixer and subsequently, a 20 minute wash
in tap water. Strips were allowed to dry overnight before
diffuse, neutral densities were read. X-ray fluorescence
7Q
silver
analyses'17
were conducted upon selected runs for
covering power data.
Sensitometric exposures were made with a Kodak Model 101
Process Control Sensitometer, filtered and calibrated such
that the four log exposure values for Industrex R were 1.62,
1.92, 2.22, and 2.48 lux-sec, whereas 0.82, 1.12, 1.42, and
1.68 lux-sec were utilized for the 4127 film. An exposed
area of approximately 3
cm8
was used for subsequent silver
mass determinations. Neutral, diffuse densities were read on
either a calibrated Macbeth TD-504 or TD-102 densitometer.
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2.4 Measurements
Experiments on model systems have been successful in
generating quantitative data for the kinetics of development
under specific experimental conditions. Among these have
been detailed studies upon the development of normal silver
halide emulsion coatings and aqueous gelatin suspensions of
silver halide grains using developers of relatively simple
composition. Induction period, as described earlier, defines
a period during which no development is detected after the
immersion of the exposed emulsion in the developer and continues
to a time at which the rate of density growth ceases to increase.
This can be observed in Figure 1. This 'no growth' period
does not imply a period during which nothing happens. It
does infer the existence of a finite diffusion time for
developer components, pH and developing agent buildup at the
grain surface, appropriate reduction potential of the
developing agent ' , a low growth rate of a latent image
speck relative to that at later stages, small initial latent
108
image size, a configurational inaccessability of the
latent image speck,108 and grain size.86 Certainly, the
first detectable density depends upon the sensitivity of the
method used.
Early stage detection of development has been conducted
oo ft^ ft ft
by optical methods82, ESR spectroscopy
'
, arrested
development, and infrared scanning
densitometry84'85'103'104'105.
28
In all cases, the development kinetics for the entire emulsion
layer were observed and not those of a single grain.87 All
measurements in this study are similarly based upon the
kinetics of the overall emulsion layer.
Conventional density-time of development curves have
often been used in obtaining quantitative data. Particular
care must be used in analyzing induction periods and rates
by this method, because observed differences may be due to a
change in the developability of a single grain, a change in
the number of developable grains, or a combination of these
effects.89'90
With the lack of a general mathematical relation that
permits calculation of a rate constant of theoretical
significance, kinetic rates have often been expressed in
terms of gamma, speed, the reciprocal time required to reach
a fixed density or mass of silver per unit area for a given
exposure, or the slope of the density (or
Ag*
mass coverage)-
time curve at some arbitrarily chosen level . Measurement of
the slope of the density-time curve for N-methyl-p-aminophenol/
4127 in Figure 1 can be quite argumentative, and a measure
ment of induction period even more so. One literature method
has even employed the assumption of a mathematical relation
for the rate beyond the induction period and this was then
extrapolated to zero density. Such methods can lead to
90
unreliable and sometimes ridiculous values.
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Elvegard91 in 1942 observed a linear relationship
between density and log time for the straight-line portion
of the characteristic curve for MQ developers, i.e.,
D = (Alog t + B) log E + Clog t + F
where upon rearrangement of terms :
D = (F + Blog E) + (Alog E + C) log t
where D = density for a given exposure E
t = time of development
A,B,C,F = constants
This suggested a novel technique for measuring rate and
induction period, even though the autocatalytic development
of silver halide films has no right being analyzed in this
92 9-5
manner. Henn also found an empirical straight line
relation between density and log time for several hydro-
quinones and p-aminophenols for a single, heavy exposure.
If Figure 1 was replotted on a density-log time scale,
the curves would lend themselves to the shapes shown in
Figure la. It can be seen that these curves can all be
represented by a straight line with an extended toe at the
shorter development times. This is certainly an improvement
over the limitations involved in trying to analyze the shallow
S-shape of the N-methyl-p-aminophenol/4127 density-time
curve. It is obvious that this method of analysis allowed
greater ease of measurement of induction period and rate and
was thus employed for obtaining quantitative data for
statistical analysis. The measure of maximum rate of post-IP
30
development was taken as the slope (straight line portion)
of the density-log time curve and expressed in terms of
density units per minute of development. The measure of
induction period was taken as the time value, in minutes, at
which the density-log time curve became tangential to the
slope line (straight line).
Comparing corresponding curves in Figures 1 and la,
values of induction period (rate) become respectively 2.20
and 2.02 minutes (1.69 and 1.64 density units per minute) for
hydroquinone/4127; 0.90 and 1.35 minutes (0.80 and 0.21) for
N-methyl-p-aminophenol/4127; 1.60 and 1.45 minutes (2.76 and
2.74) for hydroquinone/lndustrex R; and 1.15 and 1.18
minutes (1.78 and 1.82) for N-methyl-p-aminophenol/Industrex
R. The large discrepancies for N-methyl-p-aminophenol/4127
can be attributed to the difficulties in curve shape analysis.
The rates (slopes) of the density-log time curves are not
exactly the same as those for the density-time curves,
however, the values are generally close together and varia
tions are possibly random. Induction period measurements are
also generally similar, even though the induction period was
defined earlier in terms of the increase in density-time
rate. It was thus resolved that valid conclusions could be
drawn from the density-log time curves. No literature mention
of a theoretical basis was found for the linear rate
relations, however, the rate of development is obviously
some inverse function of time, since the concentration of
x "
1 -1
55 cd<D ui
O CD
1 1 3
0 Q"
1
1
^ ^*
j S CD
IO ^
^g-
*. O n to 21 3#
o
o
Ol
0
0
0
0
0 3~-<
CQ CQ CQ (Q
^r
3 3 3 3 3
\ \ \ s O CDCQ
O
7s 7\ 7s 7s m c
"I
OO OO DO DO
- ^ -1 "T
> ^ "" N
NJ "
N-mdeve 3Q-C <a.
Q.
CD
<
CD
z
3
fc.
VJ
Q.
for
all
.22
lux
5" 2.
tj zr CD
.8
c
O
TJ
CD
t-
3"
O
-n-Q
r-
cd x: X CD X_ _. J, <7"%
- i
TJ
TO
5'
0
3
-1
1
TJ
3
O
3
in -^
CD 0
1 -n CD
Q.
CD
to
1
Q
3.
CD
Q.
CD
ks
(1.
for
i-8
<
CD -n
3
O
TJ
<
CD i:
X 3- O
i~
3- O m
70 O TJ CD TJ
v*
^
3 CD 3 CD 3 11
n O "T 0 t CD
CQ
C
X _
ro
Cf)
3
C
E
A1JSU9Q
C
73
CD
X
1
TJ
U> CD
CD (A
o CD
1
3
-ji
1
0 Q
1
1
^ *
i
^- <
CD
to
VI Q.CD
?. o ^ to 31 3(A
^_
o Ol O O 3
o o O o
_l_
CQ CQ CQ CQ o
3 3 3 ^ & CQ\ \ \ _l \u -.
7\ A A 7s cn 3 T
oo 00 03 ? II CD CQC^ ^ -1^ ^ ^ ^ O
N-mdeve 3Q.C *<Q.
a.
CD
<
CD
Z
3
-fc-
to 2.22Hydr
c
<
CD
IA
CD
Q
oH
IA
73
o
_Q
o
CD o
Tl -Q C fTJ 3" CD c "O 3" c *
CD *< X CD X i" 1
-i
5"
t ^ 3 IA Q1 TO o ^ 1 O CD
TJ 3 ~o 3 O ^
5 J -n CD ^- 1Q CD -Ji o-
minophedustrex
Q.
CD
to
VI
3
CD ^
o
o^
7
IA
<
CD -n o
<
CD 3
o
TJ
"
TJ
3"
CD
c
^ IA
CQ
*> 3
-n 2_
CD
>
3
o
3 --
-i- to

33
reducible silver halide is decreasing and that of bromide is
increasing. This technique is apparently another empirical
relation useful in comparing development under varying
conditions.
2.5 Statistical Analysis
Each experimental block was that of a full factorial
design, twice replicated, three factor model with all factors
crossed and fixed. Crossing all factors allowed the maximum
degree of information, since each level was tested against
every other level. Fixing all factors allowed conclusions
to be drawn upon whether or not the variance assigned to a
specific term or interaction was larger than that assigned
to experimental error. Log exposure value, bromide concentra
tion of the developer, and PEO addition to the developer
comprised the three factors, with each factor being sub
divided into four, three, and two levels respectively.
Response variables were induction period and maximum rate of
post-IP development. ANOVA (analysis of variance) treatment
of the data was conducted in the manner prescribed by
77
Rickmers.
The statistical technique, referred to as ANOVA, allowed
a means of specifying a number of hypotheses in terms of a
mathematical model in a factorially designed experiment. In
order that the models presented in the Results section can be
more easily understood, the following explanation is offered.
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Table X lists the measured induction periods for the
hydroquinone/4127 block and Table XVIII is its associated
summary ANOVA. Table IX allows the relation between the
ANOVA factor and its corresponding block value to be made.
In this instance, the math model for induction period was
being tested, i.e.,
xijk = I1 + Ai + Bj + Ck + (AB)-^ + (AC)ik +
(BC)jk + (ABC)ijk + e1(iJk)
This statement can be interpreted in the following manner:
each single observation (xjik) is represented by a number of
components the general level of the data (fi), possible
effects due to row and column factors, interactions, and the
effect of internal error (fi). The subscripts i, j, and k
represent levels of each factor and the subscript 1 indicates
containment of data due to the replicate values.
To simplify matters even further, consider only the
term A^. During the ANOVA treatment, an estimate of the
variance for Aj- was made by measuring the difference of the
variance among the row values and the random variability of
averages where there were no row effects in Table X. An
estimate of the ei(jjk) variance was made by determining the
pooled variance of the within-row data. Once these estimates
were found, a comparison of the among-row variance with the
within-row variance was conducted by means of a F test in
order to determine if the A-^ variance was similar to that of
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the internal error variance. If the Ai effect was found to
be insignificant, then the result was interpreted as giving
reason to reject the term from the math model at a specified
level of confidence.
From Table XVIII, the estimated variance associated with
the A^ term was comprised of twelve times the row effect A
plus the variance associated with error, i.e.,
12 erA?+ as3 = 2.1516
where
<-e2 = 0.0057834
Upon conducting the F test, the calculated F ratio was
12 crAs + a * 2.1516 _ o79 nfikn * 0.0057634 " 3 2'06
From a table of critical values for the F distribution?7,
the estimated variance of A^ had to exceed the value
Fa s4 0.01 = 4.7181 in order that the factor A be significant.
Indeed it is, thus exposure level had an effect upon the
induction period for the hydroquinone/4127 block. The 0.01
subscript of the F term allows one to say this with 99%
confidence; however, it does not specify at what level. The
subscript 3 represents the degrees of freedom for factor A,
whereas the subscript 24 refers to those associated with
error. When factors were found to be insignificant, their
estimated variances were pooled with that of error to increase
the sensitivity of the F test.
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Interaction terms, when found to be significant, indicated
that the influence of two or more factors were not independent.
Thus, the effect of one factor depended upon the level of
the other factor. When the above procedure was continued
for all the remaining terms, the math model remained un
changed. Hence, induction period was not only dependent upon
the individual effects of A, B, and C alone, but also upon
second and third order interactions, making the relation
quite complex.
37
CHAPTER III
RESULTS
The results of the ANOVA treatment of the response
variables for each block allowed the induction period and
maximum rate of post-IP development to be represented as
math models, where A referred to the log of the exposure level,
B to the KBr concentration, and C to the Carbowax 1540
addition to the developer solution. The effects of KBr and
Carbowax 1540 were also analyzed in terms of reduced mass of
silver per unit area in order to determine whether the
observations were due to a change in the covering power of
the developer silver. Characteristic curves were also
included to show the general sensitometric effect.
3 .1 Hydroquinone Developer/4127 Film
Figures 2 through 5 show the density-log time curves for
the hydroquinone/4127 combination at four different log
exposure values, covering a range of 0.86 log E. Tables I
and II summarize the data in terms of the averaged induction
period and averaged rate respectively. Figures 6 and 7
graphically represent Tables I and II, respectively. Induction
period and rate were represented by the following statistical
models with 99% confidence:
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IP = fi + Aj- + Bj + Ck + (AB)ij + (AC)ik +
(BC)jk + (ABC)ljk + e1(ljk)
RATE = ji + Aj[ + Bj + Ck + (ABC)^ + c1(1jk)
Compa rison of the math models with their respective tables
allows a qualitative and quantitative analysis to be conducted
upon those terms and interactions of significant influence.
Examination of Table I and Figure 6 shows a general
increase in the induction period with increasing KBr levels,
for a given level of exposure and PEO (B term) . Induction
period decreased with increasing exposure value at a given
level of KBr and PEO (A term) - At a given exposure and KBr
level , addition of PEO caused a significant increase in the
induction period (C term) . The percentage increase in induc
tion period (induced by PEO addition) generally increased
as the KBr level increased (BC interaction) . The ABC inter
action term suggests that induction period shows an inter-
dependency among all levels of all three factors.
Table II and Figure 7 show a general decrease in rate
with increasing KBr values at a given level of exposure and
PEO. Rate increased with increasing exposure for a constant
KBr and PEO level. For a given exposure and KBr level, PEO
addition caused an increase in rate. Again, the ABC inter
action suggests an interdependency among all three factors.
Figure 8 shows the relation of diffuse density to reduced
silver mass per unit area at the second highest exposure
level. Addition of KBr or KBr plus Carbowax 1540 caused no
39
significant change in the covering power of the developed
silver. Thus, the observed effects of PEO, exposure level,
and KBr can be expressed in terms of either diffuse density
or silver mass per unit area.
Figures 9 and 10 show the characteristic curves at the
two lower levels of KBr concentration with and without the
presence of Carbowax 1540. A geometric development time
series was conducted in order to show the effect of
development time upon gamma and speed. With incomplete
development, PEO caused a decrease in the toe density, a
decrease in speed, and an increase in gamma; however, as the
degree of development increased, the magnitude of these
effects diminished. At the 2.0 g/liter KBr level, even more
pronounced effects are evident. The addition of Carbowax
1540 in each series gave increased density at the longer
development t imes .
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log E= 0.82 1.12 1.42 1.68
0
PEO
1.00 0 1.00 0 1.00 0 1.00
1.00
gm/l
KBr 2.06 2.75 1.80 2.49 1.58 2.24 1.46 1.97
2.00 2.48 3.89 2.26 3.25 1.95 2.68 1.80 2.43
4.00 3.11 4.8? 2.68 4.69 2.38 4.11 2.23 3.47
Table I. Averaged Induction periods for Hydroquinone/
4127 Film
log E= 0.82 1.12 1.42 1.68
0
PEO
1.00 0 1.00 0 1.00 0 1.00
1.00
gm/l
KBr
1.16 1.61 1.43 2.14 1.63 2.53 1.99 2.53
2.00 1.00 1.75 1.29 1.91 1.54 2.00 1.75 2.87
4.00 0.82 1.37 1.04 2.09 1.27 2.25 1.60 2.09
Table II. Averaged rates for Hydroquinone/4127 Film
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3 -2 N-methyl-p-aminophenol Developer/4127 Film
Figures 11 through 14 show the density-log time curves
for the N-methyl-p-aminophenol/4127 combination at four dif
ferent exposure levels, covering a range of 0.86 log E.
Tables III and IV summarize the data in terms of the averaged
induction period and the averaged rate, respectively.
Figures 15 and 16 graphically represent these tables.
Induction period and rate can be statistically represented
by the following models with 99% confidence:
IP = v + Ai + Bj + 1(1Jk)
RATE = (i + Ai + Bj + Ck + e1(ijk)
Examination of Table III and Figure 15 shows a general
increase in induction period with increasing levels of KBr,
at a given level of exposure and PEO. Induction period
decreased with increasing exposure for a given value of KBr
and PEO. The math model suggests that there is no influence
of Carbowax 1540 upon the induction period, and this holds
true even upon lowering the confidence level to 90%.
Table IV and Figure 16 show a general decrease in rate
with increasing KBr levels, for constant levels of exposure
and PEO. Rate increased with increasing exposure for a
given KBr and PEO level . For a given exposure and KBr
level, addition of Carbowas 1540 caused a significant increase
in rate. In Figures 11 through 14 the curves for the control
and PEO appear essentially parallel, indicating that a
51
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log B= 0.82 1.12 1.42 1.68
0
PBO
1.00 0 1.00 0 1.00 0 1.00
2.00
gm/l
KBr
1.38 1.23 1.32 1.10 1.03 1.12 1.02 0.93
4.00 1.88 2.37 1.52 1.63 1.05 I.63 0.88 0.86
8.00 2.64 2.60 2.24 2.78 2.37 2.23 1.53 1.46
Table III. Averaged induction periods for N-methyl-p-
amlnophenol/4127 Film
log E= 0.82 1.12 1.42 1.68
0
PEO
1.00 0 1.00 0 1.00 0 1.00
2.00
gm/l
KBr
0.336 0.419 0.454 0.563 0.670 0.866 0.753 0.972
4.00 0.290 O.313 0.350 0.399 0.457 O.568 0.613 0.669
8.00 0.134 0.174 0.171 0.275 0.235 0.317 0.348 0.450
Table IV. Averaged rates for N-methyl-p-aminophenol/
4127 Film
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specified density was reached at the same fraction of time
above the toe densities. Figure 16, however, shows signifi
cant changes in rate upon PEO addition. One should be
cautioned at this time against taking measurements from these
or other density-log time curves as they are meant for
illustrative purposes and have been considerably reduced in
scale relative to those used for measurements. Original
data can be found in Appendix A.
Figure 17 shows that the addition of KBr or KBr plus
Carbowax 1540 caused no significant change in covering power.
Figure 18 shows the characteristic curves at the two lower
KBr levels with and without the presence of PEO. Development
was not carried to completion; however, the action of PEO
increased speed and caused a slight increase in gamma.
3 .3 Hydroquinone Developer/lndustrex R Film
Figures 19 through 22 show the density-log time curves
for the hydroquinone/lndustrex R combination at four different
exposure levels, covering a range of 0.86 log E. Tables V
and VI summarize the data in terms of the averaged induction
period and averaged rate, respectively. Figures 23 and 24
graphically represent these tables. Induction period and
rate can be represented by the following statistical models
with 99% confidence:
61
IP - ji + At + Bj + Ck + (AB)ij + (AC)ik +
(BC)Jk + (ABC)i>jk + ei(ijk)
RATE - n + At + Bj + Ck + (AC)lk + e1(1Jk)
Examination of Table V and Figure 23 shows a general
increase in the induction period with increasing levels of
KBr for a given level of exposure and PEO. Induction period
decreases with exposure for a given level of KBr and PEO.
Addition of Carbowax 1540 causes a significant increase in
induction period for a constant level of KBr and exposure.
The percentage increase in induction period (induced by PEO
addition) generally decreased as the exposure increased. The
percentage increase in induction period (induced by the linear
addition of KBr) generally decreased at all exposure levels.
The third order interaction suggests an interdependency between
all levels of all three factors.
Examination of Table VI and Figure 24 show a general
decrease in rate with increasing KBr levels for given levels
of exposure and PEO; however, it is small compared to the
PEO effect. Rate increased with exposure at constant levels
of KBr and PEO. Addition of Carbowax 1540 caused a signifi
cant decrease in rate for constant levels of exposure and
KBr. The percentage decrease in rate (induced by PEO
addition) generally increased with increasing log exposure
value at a constant KBr level .
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log E= 1.62 1.92 2.22 2.48
0
PEO
0.50 0 0.50 0 O.50 0 0.50
0.20
gm/l
KBr
1.32 3.13 1.25 2.95 0.960 1.43 0.880 1.32
0.50 1.84 4.99 I.63 3.70 1.46 2.88 1.33 2.24
0.80 2.65 5.50 1.83 5.00 1.75 4.29 1.56 2.42
Table V. Averaged induction periods for Hydroquinone/
Industrex R Film
log E= 1.62 1.92 2.22 2.48
0
PEO
O.50 0 0.50 0 0.50 0 0.50
0.20
gm/l
KBr
1.39 0.887 2.73 0,914 2.80 1.10 3.41 1.53
0.50 3.798 0.792 1.48 0.862 2.37 O.96I 2.78 1.16
0.80 ).729 0.763 1.29 O.878 2.23 0.908 2.86 1.08
Table VI. Averaged rates for Hydroquinone/lndustrex R
Film
3
-i-
1 CD3
1 o-*
1
5'
3
CQ
-n TT
1 1 QT3
-* h 3" C
3"
zr
-*
3
c -n CB
O c
O^
* * -i to
Ol CO
o r-. r<
a Q
CQ t cr
3 8 ar
X. I <
n X
Q
cr
o
u
Js
i
Z c>
a
X
,
Oi
fc.
o
1 I 1 1 l
f-
/ 1 I / r
/
s / I
/ / f iy / f
y >4 -
/ / (/ / /\ / 1
/ / /
/ | / // / / / /
/ / / / /
/ / / / /
~~
/ '
1r ? ;
/
1 /
1 / / I
- # 4 4
00 00 00
00
00
d d o
I l 1
00
d
in
d
1
OJ
d
i
o
IO
o o q
cvi
(sajninuj) pouad uoijonpui
00
cvi
CO
OJ
cvi
UJ
O
CVJ
CM
CO
Ol
o
CQ
3
n
Q
-n
8"
Q
X
3T
O
c
n
Q
8"
i
X
Oi
-fc.
o
3
-*
CD
3
o
5'
3
CQ
3
TJ
Q
cr
CD
CQ
c
to
-fc.
Ol
fc.
o
i_
i 1 1
00 00 CO 00 QOCO
^ ^ ^ -^ ^^
<M 00 m c\j moo
d dd d oo
\ ^
\ w
\ w
\ w
\ \i
v 1 fl
\ * ll
\\ \H^3
i 1 1
00
cvi
CVJ
cvi
cvi
LU
O
CVJ
CM
CD
ro CM
(9jnuiuu J9d s|iun A|isu9p) 9^Dy
Tl 73
ZI CD
3
5"
-= o
O 3
CQ
O
Q.
CD
to
to J"
IO
Ol Ol to
3"
>
o
CQ
o
CQ
o
CQ
C
X
1
3 3 3 CD CQ0X. X. X. O
3
QA A A -n00 oo DO w>
^
^
-n l
IT c
o -i CD
bi X IO
O v;
Q.
Ol
CQ 3
3 XI
X. c
5'
n
Q
o
3
CD
8"
O.
CD
s <
Q CD
X O
^ TJ
Oi CD
fc.
o s
3
Q.
C
IA
I-
3
X
73
A|jSU9Q
lo Q
I I
Ol Ol to to
o o o o
CQ CQ CQ CQ
3 3 3 3
\ X. X. X.
A A A A
00 DD CD DO
i -I 1 -l
^ n
O o
bi bi
O o
CQ CQ
3 3
\ X.
n n
Q a
-i n
8" 8"
s z
Q Q
X X
, mrnrnl
Ol Oi
-fc. Ji.
o o
Ol Q
o 3
o
3. cT
^
C IA
CD
o
Q-
CD o
< c
CD 2
O <\>
TJ
tn
3
CD cT
3 n
n:
-
Q.
CD O
>~-'Xi
c
5'
o
3
CD
Q.
CD
<
CD
O
TJ
CD
3^
Q.
C
IA
-1
CD
X
CQ
C
to
73
s. r i i i
77-- *
X
*x.
*x
*x
*x
*x
X
X.
"V
V
'V _
X
-- '-,^* . *
^ . \X
^ ^ . \^^^ X
^^ x '?. .
^^ ^ *. \X
^ ^ ?. 1^^^ x ?. \
.
^
^ ^ y i^V. N \ !
^\ \\ !^v N '. 1
X N 'X x\ v-\ V: 1 ^\ V: 1
\ *|
\0 -1
\l5
\ i
i
i i i i
m
CM
CM
CO
(Ji
(0
^
o
<D
Ui
X
3
ro *~,
<D
\-
3
CJ)
O
O Q.
^J X
<D
CP
O
N- _l
o
6
_ oo
in
cvi
q
cvi
m
d
A|ISU9Q
71
Figure 25 shows that the addition of KBr or KBr plus
Carbowax 1540 caused no significant change in the covering
power of the developed silver. Figure 26 shows the
characteristic curves at the two lower KBr levels with and
without the presence of Carbowax 1540. Development was not
carried to completion; however, PEO can be seen to decrease
both speed and gamma.
3 .4 N-methyl-p-aminophenol Developer/lndustrex R Film
Figures 27 through 30 show the density-log time curves
for the N-methyl-p-aminophenol/4127 combinations at four
different exposure levels, covering a range of 0.86 log E.
Tables VII and VIII summarize the data in terms of the
averaged induction period and averaged rate, respectively.
Figures 31 and 32 graphically represent these tables.
Induction period and rate can be statistically represented
by the following models with 99% confidence:
IP = + Ai + Bj + e1(ijk)
RATE = ji + A + Bj + e1(ijk)
Examination of Table VII and Figure 31 shows a general
increase in the induction period with increasing levels of
KBr for a given level of exposure and PEO. Induction period
generally decreases with increasing exposure for a given
value of KBr and PEO, and this is most evident when the high
and low exposure levels are compared. The math model suggests
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that there is no influence of Carbowax 1540 upon the induc
tion period at a confidence level of 99%. Even lowering the
confidence level to 90% does not change this, and yet it is
apparent from Figures 27 through 30 that the PEO curve always
leads that of the control. The statement that there was no
influence of Carbowax 1540 seems improbable; however,
statistical analysis does not allow any definitive conclusions
to be drawn due to the large random error.
Examination of Table VIII and Figure 32 show a general
decrease in rate with increasing KBr levels for constant
levels of exposure and PEO. Rate increases with increasing
exposure for a given KBr and PEO value. The math model
suggests that there is no influence of Carbowax 1540 upon
the rate with 99% confidence; however, Carbowax 1540 signi
ficantly decreased the rate when the confidence level is
lowered to 95%.
Figure 33 shows the addition of KBr or KBr plus Carbo
wax 1540 caused no significant change in the covering power.
Figure 34 shows the characteristic curves at the two lower
KBr levels with and without the presence of Carbowax 1540.
Development was not carried to completion; however, the action
of PEO was mostly negligible until the KBr level reached
4.0 g/liter causing an increase in density in the higher
exposure region.
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log E= 1.62 1.92 2.22 2.48
0
PEO
1.00 0 1.00 0 1.00 0 1.00
2.00
gm/l
KBr
0.980 1.11 0.990 0.820 0.940 0.980 0.950 0.735
4.00 1.35 1.30 1.43 1.40 1.26 1.33 1.14 1.04
6.00 1.88 1.58 1.51 1.54 I.63 1.60 1.34 1.33
Table VII. Averaged induction periods for N-methyl-
p-aminophenol/Industrex R Film
log E= 1.62 1.92 2.22 2.48
0
PB0
1.00 0 1.00 0 1.00 0 1.00
2.00
gm/l
KBr
1.10 O.873 1.71 1-53 2.40 2.26 2.69 2.38
4.00 ).8l7 3.752 1.30 1.11 1.71 1.76 1.90 1.91
6.00 3.572 1*555 1.00 1.05 1.59 1.52 1.6l 1.71
1
Table VIII. Averaged rates for N-methyl-p-aminophenol/
Industrex R Film
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CHAPTER IV
DISCUSSION
Examination of the math models has revealed several
factors and interactions that significantly affect the
induction period and maximum rate of post-IP development of
Ag(Brl) and Ag(BrCl) films. Much of the work of past
investigators was overlapped by this study and subsequently
confirmed; however, the experimental design allowed an
analysis of interactions that were previously ignored.
Furthermore, new evidence of the PEO effect upon a Ag(BrCl)
film was offered.
The present results, when taken in conjunction with
previously reported results, strongly show that PEO has a
dual action upon development by hydroquinone and N-methyl-p-
aminophenol. The results obtained in this work clearly allow
the division of the photographic effect of Carbowax 1540 into
two distinct components the effect upon the induction period
and the effect upon the maximum rate of post-IP development.
The PEO effect upon the induction period was qualitatively
similar for both Ag(Brl) and Ag(BrCl) films, but depended
upon the developing agent--the induction period increased
with hydroquinone, but remained unchanged with
N-methyl-p-
aminophenol. The second component depended upon the composi
tion of silver halide in the emulsion grainsthe rate of
83
post-IP development of the iodobromide film by both hydro
quinone and N-methyl-p-aminophenol developers of normal sulfite
level was increased by PEO; the post-IP rate of development
of the chlorobromide film by N-methyl-p-aminophenol was not
significantly affected at the 99% confidence level, whereas
that by hydroquinone was strongly retarded. It seems probable
that the effect of PEO is connected with the presence of
iodide in the first film. The addition of Carbowax 1540 to both
developers caused no change in the covering power of either
film. Hence, the observed PEO effects were identical in
terms of optical diffuse density or reduced mass of silver
per unit area.
The induction period math models for the N-methyl-p-
aminophenol development of the Ag(Brl) and Ag(BrCl) films
suggest that the induction period remained unchanged with the
addition of Carbowax 1540 and yet, the density-log time curves
showed that the PEO curves generally led those of the control,
particularly with the last film. In these instances, the
degree of random error did not allow any definitive conclusions
to be drawn with a substantial level of confidence. Perhaps
future investigations could utilize better experimental
design in order to determine if the induction period of N-
methyl-p-aminophenol development was, indeed, unaffected by
PEO. Sheberstov, et
al.1,5*6 have shown this not to be the
case with films containing bromide and iodobromide emulsion
layers.
84
Hydroquinone development of both the bromoiodide and
chlorobromide films showed significant exposure-PEO,
exposure-bromide, and bromide-PEO interactions upon the
induction period; however, N-methyl-p-aminophenol develop
ment was free of their influence. Among the interaction
terms that were highly significant was that due to bromide-
Carbowax 1540. This interaction appeared only in the induction
period models for hydroquinone development since the N-methyl-
p-aminophenol induction period was unaffected by PEO. In
each instance, the percentage increase in induction period
(induced by the PEO addition) increased as did the bromide
level at all exposure levels. If the PEO development effect
could be rationalized on the basis of its interference with
the adsorption of the developing agent to the silver halide
surface, the observed influence of bromide might also be
anticipated, since developing agents are more weakly adsorbed
in the presence of bromide. No such phenomenon was observed
for N-methyl-p-aminophenol development, as would be expected
due to its strong adsorption to silver or silver halide
even at pH
8.O.111'112
Development by alkylweighted
hydroquinones107 or by
hydroquinone derivatives with N-containing substituents would
be expected to show less of a bromide-PEO interaction relative
to development by hydroquinone itself. It would also prove
interesting to look at other developing agents with varying
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degrees of adsorption to silver or silver halide in this
respect. Sheberstov, et al.1 and James67'90 have already
given some indication of what may be expected the least
weakly adsorbed developing agents were the most strongly
retarded.
Sheberstov, et al.1 also found that the addition of
benzotriazole in increasing levels to a hydroquinone developer
with and without the presence of PEO successively increased
the induction period and decreased the post-IP development
rate for a Ag(Br9eI4) film; however, for a given level of
benzotriazole, PEO addition caused a three-fold increase in
induction period, yet caused a large increase in post-IP
rate. In view of the interaction of PEO with benzotriazole,
it would be interesting to determine the effect of a quaternary
salt106 addition to hydroquinone developers with and without
PEO. If PEO were responsible for the decrease in hydroquinone
adsorption, the Q salt addition should decrease the induction
period for both Ag(Brl) and Ag(BrCl) and possibly increase
post-IP rate for the Ag(BrCl) film. Indeed, addition of
quaternary ammonium salts to an alkaline hydroquinone
developer containing PEO and paraformaldehyde bisulfite has
been found to increase gamma while maintaining speed.60
QA
Similar results have also been documented for iodonium salts.
^
Two patents have also described the action of PEO and Q salts
as acting independently of each other to increase photographic
speed of Ag(Brl) films with MQ
development.95'96
86
Hydroquinone development of both Ag(Brl) and Ag(BrCl)
films showed exposure-PEO interactions in the induction period.
Reexamination of Tables I and V show the percentage increase
in induction period (induced by PEO) to decrease as the expo
sure level increased. This can be explained by the relative
lowering of the PEO inhibition due to the increase in the devel
opability of single grains, an increase in the number of devel
opable grains, or most probably, a combination of these. The
third order interaction terms show an interdependency among
exposure level, bromide, and PEO addition and this could be
best demonstrated by a response surface model, but will not
be attempted here.
The RATE model for hydroquinone development of the Ag(BrCl)
film contained a significant exposure-Carbowax 1540 interaction.
Examination of Table VI shows that the percentage decrease in
rate (induced by PEO addition) generally increased with the
exposure for a constant bromide level. Perhaps, in the presence
of PEO, there was a greater inhibition to hydroquinone buildup
at the reaction site, thus leading to a further decrease in rate,
The effect of increasing the KBr concentration of both
normal sulfite developers can also be divided into an effect
upon the induction period and an effect upon rate of post-IP
development. For all developer-film combinations, increasing
the level of KBr caused successive increases in the induction
period and successive decreases in rate. These effects were
due to increasing pAg and the associated dynamic interplay
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of bromide adsorbed to the silver halide surface and that in
solution. Even though the initial silver halide surfaces
were saturated with bromide, halide ions in solution offset
the loss caused by desorption during the development reaction.
Thus, the thermodynamic activity of ionic silver at the grain
surface decreased, and thereby the rate of silver ion reduction.
Bromide was also shown to decrease the rate of density growth
in the lower exposure regions to a greater extent than that
in the higher exposure regions.
Hydroquinone development of both the Ag(Brl) and Ag(BrCl)
films exhibited bromide-exposure interactions in the induction
period. The percentage increase in induction period (induced
by KBr additions) was similar at all exposure levels; however,
the percentage decrease in IP (induced by linear increases
in log E) decreased at all KBr levels. This would be consistent
with an increase in the number of developable grains as well
as an increase in the developability of individual grains.
Increasing the exposure level was also shown to produce
changes in the induction period and in the maximum rate of
post-IP development. In all instances, increasing the
exposure produced successive decreases in the induction period
and successive increases in rate. Induction period decreased
due to both the increase in the average number of developable
grains and the increase in the developability of individual
grains. Rate would be expected to increase with greater
exposure values due to the increase in the average develop
ment of the individual grains. For a given bromide level,
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rate increased because the local surface charge in the area
of the development center decreased as the catalytic silver
surface grew, allowing an increase in the concentration of
the developing agent at the grain surface.
In view of the work of Borin, et al.38, Shaffer and
Unger99, and Dutton and Hopkins100, it would be interesting
to observe the PEO effect upon alkaline, low sulfite hydro
quinone development. The present work found an increase in
the induction period and a decrease in the maximum rate of
post-IP development for normal sulfite, hydroquinone develop
ment of a Ag(BrCl) film. Borin found an increase in induction
period but obtained an increase in rate under low sulfite
conditions. Shaffer and Unger found that both low (1.0 g/liter
NaaS03) and high (38.0 g/liter Naa S03 ) sulfite levels of a
hydroquinone developer at pH 10.6 decreased speed when
Carbowax 6000 was present. No definitive change in gamma
occurred at the low level; however, it decreased at the high
level. Unfortunately, the emulsion layer of the film they
used in their investigations yielded only a weak response to
PEO. Dutton and Hopkins, using a Ag(Brl) film of higher Agl
grain composition, agreed with their results, but found a
significant lith enhancement of the characteristic curve at
the lower sulfite level. Future investigations of this
sulfite-PEO interaction should utilize better control of
the low sulfite concentration, possibly by formaldehyde-bisulf ite,
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and will necessitate the use of a more rapid development
monitoring technique.
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CHAPTER V
CONCLUSIONS
The action of Carbowax 1540 produced either an accelera
tion or retardation of development, and the net result
depended upon which action was dominant for the particular
developing agent used and the emulsion grain halide composi
tion. The results obtained clearly allow the division of the
photographic effect of Carbowax 1540 into two distinct
components the effect upon induction period and the effect
upon the maximum rate of post-IP development. The PEO effect
upon induction period was qualitatively similar for both
Ag(Brl) and Ag(ClBr) films, but depended upon the developing
agent the induction period increased with hydroquinone but
remained unchanged with N-methyl-p-aminophenol. The second
component depended upon the composition of silver halide in
the emulsion grains the rate of post-IP development increased
for both hydroquinone and N-methyl-p-aminophenol developers
only when Agl was present in the grain halide composition.
The addition of Carbowax 1540 to both developers of normal
sulfite level caused no change in the covering power of the
Ag(Brl) or Ag(BrCl) films. Thus, the observed effects of
Carbowax 1540 were identical in terms of either optical diffuse
density or reduced mass of silver per unit area.
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The effect of increasing the KBr concentration of both
developers had significant influence upon the induction
period and post-IP rate. For all developer-film combinations,
increasing KBr levels caused increases in the induction
period and decreases in the maximum rate.
Increasing levels of exposure also caused specific
effects upon the induction period and rate. In all instances,
increasing the level of exposure produced decreases in induc
tion period and increases in the maximum rate of post-IP
development.
Hydroquinone development of both the Ag(Brl) and Ag(BrCl)
films showed significant exposure-PEO, exposure-bromide,
and bromide-PEO interactions upon the induction period;
however, the induction period for N-methyl-p-aminophenol
development was free from their influence. The highly
significant bromide-PEO interactions lend considerable support
to the proposed mechanism of PEO interference with the
adsorption of developing agent at the development center.
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CHAPTER VI
RECOMMENDATIONS
The original proposal for this thesis was directed
along the lines of using the RIT-designed, scanning infrared
densitometer for the continuous measurement of infrared
transmittance of exposed film samples during development
at a variety of exposure levels. The films actually used in
this work were originally selected for their very low fogging
levels with appropriate Wratten filtration of the scanning
infrared irradiation. Unfortunately, the densitometer was
found to have a number of problems and limitations that were
overlooked in previous studies. Thus, the densitometer was
set aside in preference to the arrested development technique.
The existing problems of the densitometer included:
1) substantial photodiode circuit ripple voltage
2) low Dmax response - a density of 1.5 on a step
tablet was found to be the
maximum value usable (some
raw stock exhibits a density
of 0.8, leaving approximately
0.7 for actual development
monitoring)
3) poor repeatability between runs using a calibrated
Ag
step tablet
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4) poor agitation
5) nonlinear relation between diffuse density and
oscilloscope vertical input voltage
Correction of these problems would allow better characteri
zation of the early stages of development and provide more
precise data per manhour.
94
REFERENCES
1. V. I. Sheberstov, T. G. Ovechkina and A. M. Churaeva,
Zh. Nauch. i Prikl . Fotogr. i Kinematogr., 12(3), 207
(1967).
2. A. V. Borin, T. M. Moshkina, M. V. Mishakova and L. R.
*
Shaimardanova, Ibid. , 8(3), 211 (1963).
3. A. M. Churaeva, V. I. Sheberstov and O. V. Popova,
Ibid., 9(2), 122 (1964).
4. V. I. Sheberstov and T. G. Ovechkina, Ibid. , 12(5) ,
362 (1967).
5. V. I. Sheberstov, A. A. Mikhailova, T. G. Ovechkina and
T. K. Uchuvatkina, Ibid., 13(6), 443 (1968).
6. A. M. Churaeva, V- I. Sheberstov, N. V- Makarov and T. G.
Ovechkina, Usp. Nauchn. Fotogr., 13, 158 (1968).
7. Yu. I. Rovinskaya and T. M. Moshkina, Zh. Nauchn. i
Prikl. Fotogr. i Kinematogr., 17(1), 41 (1972).
8. Agfa-Gevaert , "Development Modifiers for Silver Halide
Elements," Article 11430, Research Disclosures, 46
(October, 1973).
9. P. J. Hillson, Phot. Sci. Eng., 13(4), 165 (1969).
10. R. K. Blacke, U. S. Patent 2,441,389 (1948).
11. A. M. Churaeva and A. I. Rybnikova, Zh. Nauchn. i
Prikl. Fotogr. i Kinematogr., 6(2), 139 (1961).
95
12. H. W. Wood, J. Phot. Sci., 12,5 (1964).
13. G. F. Van Veelen and R. Berendsen, J. Phot. Sci. . 15,
226 (1967).
14. Yutaka Inaba and Akira Kumai, Phot. Sci. Eng., 17(6),
499 (1973).
15. Yutaka Inaba, Ibid. , 18(2), 138 (1974).
16. A. M. Churaeva and V. I. Sheberstov, Zh. Nauchn. i
Prikl. Fotogr. i Kinematogr., 8(3), 2-12 (1963).
17. A. V. Borin, M. V. Mishakova, T. M. Moshkina and V- M.
Gorokhovskii, Usp. Nauchn. Fotogr., 16, 192 (1972).
18. Masanobu Oguchi and Yoshimi Kuwabara, J. Soc. Sci. Phot
Japan, 26(2), 73 (1963).
19. P. J. Hillson, J . Phot . Sci . , 11, 225 (1963).
20. H. W. Wood, Ibid. , 337 (1963).
21. Ibid., 13_, 39 (1965).
22. Ibid. , 177 (1965).
23. V- M. Gorokhovskii, A. M. Galinova and T. M. Moshkina,
Zh. Nauchn. i Prikl. Fotogr. i Kinematogr., 11(2) ,
139 (1966).
24. A. H. Herz and J. 0. Helling, J. Colloid Sci. , 16, 199
(1961).
25. Masaaki Sugiura and Etsuo Fujii, Bull. Soc. Sci. Phot.
Japan, 17, 41 (1967).
26. V. I. Sheberstov, A. A. Mikhailova, T. G. Ovechkina and
T. K. Uchuvatkina, Zh. Nauchn. i Prikl. Fotogr. i
Kinematogr. , 13(6), 443 (1968).
96
27. H. W. Wood, J. Phot. Sci., 9, 84 (1961).
28. A. Kumai and Y. Minagawa, Ibid. , 18, 91 (1970).
29. Ibid., 131 (1970).
30. Ibid., 176 (1970).
31. A. Kumai, Y. Inaba and T. Ueda, Ibid. , 220 (1970).
32. Y. Inaba and A. Kumai, Phot. Sci. Eng., 17, 499 (1973).
33. T. H. James, J . Am . Chem . Soc . , 62, 536 (1940).
34. T. H. James and W. Vanselow, Phot. Eng., 6, 183 (1955).
35. G. F. Van Veelen and H. Borginon, J. Phot. Sci., 17,
81 (1969).
36. H. Irie and N. Takahora, paper delivered at autumn meeting
of Soc. Sci. Phot. Japan on 8 October 1964 (see reference
35).
37. N. P. Kocherov and N. R. Norikova, Zh. Nauchn. i Prikl.
Fotogr. i Kinematogr., 16(3), 183 (1971).
38. V. D. Rul, 0. A. Bukina, A. V. Borin and N. S. Gafurova,
Ibid., 12(3), 229 (1967).
39. T. Shiozawa and T. Sakai, J. Soc. Sci Phot. Japan, 36, 171
(1973).
40. V. I. Sheberstov and T. G. Ovechkina, Zh. Nauchn. i
Prikl. Fotogr. i Kinematogr., 11(6), 437 (1966).
41. A. P. Zhdanov, A. L. Kartuzhanskii, G. G. Martysh and
L. I. Shur, Ibid., 9(4), 300 (1964).
42. N. N. Shishkina, Usp. Nauchn. Fotogr., 13, 151 (1968).
97
43. V. I. Sheberstov and T. G. Ovechkina, Zh. Nauchn. i
Prikl. Fotogr. i Kinematogr., 13(1), 47 (1968).
44. A. M. Churaeva and S. M. Rychkova, Ibid. , 13_(3), 216
(1968).
45. V. I. Sheberstov and S. A. Borokova, Ibid., 13(4),
315 (1968).
46. N. R. Novikova and V. I. Zakharov, Ibid. , 14(4), 285
(1969).
47. V. I. Sheberstov, T. G. Ovechkina and T. K. Uchuvatkina,
Ibid. , 14(6), 460 (1969).
48. Ibid. , 15(1), 70 (1970).
49. S. Nishiyama and W. F. Berg, Paper B-4 from the Inter
national Colloquium at University of Montreal, Montreal,
Canada, 23-25 August, 1972.
50. A. H. Herz, U. S. Patent 3,062,647 (1962).
51. N. Nishikido, Y. Moroi and R. Matuura, Bull. Chem. Soc.
Japan, 48(5), 1387 (1975).
52. Y. Kuwabara and M. Kogure, J. Soc. Sci. Phot. Japan,
28(3), 124 (1965).
53. A. V. Borin, Zh. Nauchn. i Prikl. Fotogr. i Kinematogr.,
4(6), 458 (1959).
54. Y. Inaba and K. Waki , paper given at Annual Meeting of
Society of Photographic Science and Technology of Japan,
29-30 May, 1973.
55. C.E.K. Mees and T. H. James, "The Theory of the Photo
graphic
Process," Third Edition, MacMillan Company,
New York, New York, 1966, p. 366.
98
56. L.F.A. Mason, J. Phot. Sci., 16, 177 (1968).
57. J. Q. Utaberger, Phot. Sci. Eng., 9, 301 (1965).
58. J. f. Willems and G. F. Van Veelen, J. Phot. Sci., 14,
48 (1966).
59. W. G. Lowe and J. A. Schwan, U. S. Patent 3,158,483
(1964).
60. German Patent 1,141,531 (1968).
61. Publication F-4772F, Union Carbide Corporation, Chemicals
and Plastics Division, 270 Park Avenue, New York, New
York 10017.
62. J. Q. Umberger, Phot. Sci. Eng., 3, 18 (1959).
63. D. R. Swan, U. S. Patent 2,240,472 (1941).
64. R. K. Blacke and N. D. Baldsiefen, U S. Patent 2,400,532
(1946).
65. R. K. Blacke, W. A. Stauton and F. Schulze, U. S. Patent
2,423,549 (1947).
66. T. G. Ovechkina and V. I. Sheberstov, Zh. Nauchn. i
Prikl. Fotogr. i Kinematogr., 19(5), 370 (1974).
67. Private communication with Dr. T. H. James, Eastman Kodak
Research Laboratories, Rochester, New York 14650.
68. T. H. James, J. Phys. Chem., 44(1), 42 (1940).
69. T. H. James, J. Franklin Inst. , 240,83 (1945)
70. Ibid., 229 (1945).
71. R. G. Willis and D. E. Turk, Phot. Sci. Eng., 17(2),
142 (1973).
99
72. C.E.K. Mees and T. H. James, "The Theory of the Photo
graphic Process," Third Edition, MacMillan Company,
New York, New York 1966, p. 31.
73. T. H. James, J. Phys. Chem., 43(6), 701 (1939).
74. J. Q. umberger, Phot. Sci. Eng., 14(2), 131 (1970).
75. C.E.K. Mees and T. H. James, "The Theory of the Photo
graphic Process," Third Edition, MacMillan Company,
New York, New York 1966, p. 364.
76. T. H. James, J. Franklin Inst. , 240, 15 (1945).
77. A. D. Rickmers and H. N. Todd, "Statistics An Intro
duction," McGraw-Hill, Inc., New York, New York 1967,
pp. 154-198.
78. Obtained from R. W. Mowrey, Eastman Kodak Research
Laboratories, Rochester, New York 14650.
79. Conducted by J. E. Moore, Eastman Kodak Research
Laboratories, Rochester, New York 14650.
80. W. Meidinger, Physik. Z., 36, 312 (1935).
81. W- Meidinger, Phot. Ind., 34, 1305 (1936).
82. H. Frieser and M. Schlesinger, J. Phot. Sci., 20, 192
(1972).
83. J. Charkoudian, A. Ames and A. Hoffman, Phot. Sci. Eng.,
17, 456 (1973).
84. J. Fortmiller and T. H. James, Proceedings of the RPS
Centenary Conference-London, 161 (1953).
85. T. L. Beaupre, R. R. Jasper, D. A. Turbide and M. T.
Williams, Phot. Sci. Eng., 18(5), 535 (1974).
100
86. p. j. Hillson, J. Phot. Sci., 23(1), 15 (1975).
87. P. j. Hillson, paper delivered at Symposium on Fundamental
Problems in Photographic Science, Oxford, 8-10 September
1975.
88. H. J. Hefter, Phot. Sci. Eng., 19(3), 179 (1975).
89. T. H. James, J . Phys . Chem . , 66, 2416 (1962).
90. T. H. James, Phot. Sci. Eng., 14, 371 (1970).
91. C.E.K. Mees and T. H. James, "The Theory of the Photo
graphic Process," Third Edition, MacMillan Company, New
York, New York, 1966, p. 352.
92. R. W. Henn, Phot. Sci. Tech., 18B, 51 (1952).
93. Ibid. , 90 (1952).
94. British Patent 1,119,075.
95. U. S. Patent 2,886,437.
96. U. S. Patent 3,017,271.
97. Japanese Patent 7,006,629 (1970).
98. U. S. Patent 3,495,981 (1970).
99. R. M. Shaffer and R. D. Unger, B. S. Thesis, Rochester
Institute of Technology, Rochester, New York (1968).
100. D. M. Dutton and R. E. Hopkins, B. S. Thesis, Rochester
Institute of Technology, Rochester, New York (1969).
101. Frank Lind, unfinished M. S. Thesis, Rochester Institute
of Technology, Rochester, New York.
102. A. V. Borin, M. V. Mishakova, T. M. Moshkina and V. M.
Gorokhovskii, Usp. Nauchn. Fotogr., 16, 192 (1972).
101
103. L. J. Fortmiller and T. H. James, Phot. Sci. Tech. ,
17B, 102 (1951).
104. Ibid. , 18B, 76 (1952).
105. Ibid., 19B, 109 (1953).
106. G.I. P. Levenson and T. H. James, J. Phot . Sci. , 2, 169
(1954).
107. J. F. Willems, Phot. Sci. Eng., 4(2), 101 (1960).
108. W. Jaenicke, Phot. Sci. Eng., 6(4), 185 (1962).
109. R. G. Willis, F. E. Ford and R. B. Pontius, Phot. Sci.
Eng. , 14(2), 141 (1970).
110. R. G. Willis and R. B. Pontius, Phot. Sci. Eng., 14(2),
149 (1970).
111. R. J. Newmiller and R. B. Pontius, J. Phys, Chem. , 64,
584 (1960).
112. B. W. Rossiter and K. L. Eddy, Phot. Sci. Eng., 13(4) ,
178 (1969).
102
APPENDIX A
103
Original data can be found in Tables X through XVII.
One should be cautioned against taking measurements from
the density-log time of development curves as they are
meant for illustrative purposes and have been considerably
reduced in scale relative to those used for measurements.
Table IX has been included such that a specific ANOVA
factor can be related to its corresponding block value.
Tables XVIII through XXV comprise the computer printouts
for the summary ANOVA tables.
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Al A2 A3 Az-
Co Cl <h Cl Co Cl Co Cl
Bl
2.02
2.09
2.74
2.75
1.70
1.89
2.50
2.48
1.51
1.65
2.24
2.24
1.45
1.46
1.96
1.97
B2
2.41
2.55
3.95
3.82
2.21
2.30
3.18
3.31
1.89
2.00
2.70
2.65
1.72
1.88
2.39
2.46
B3
3.02
3.19
4.90
4.84
2.60
2.75
4.68
4.70
2.38
2.37
4.22
4.20
2.19
2.26
3.45
3.48
Table X. Measured induction periods for Hydroquinone/
4127 Film
Al A2 h A4
<b Cl <h ci 99 ci Po cl
Bl
1.24
1.07
1.74
1.48
1.42
1.43
2.19
2.09
1.62
1.64
2.62
2.43
2.03
1.94
2.34
2.72
B2
1.05
0.950
1.82
1.67
1.33
1.25
1.82
2.00
1.54
1.54
2.00
2.00
1.67
1.82
2.70
3-03
B3
0.800
0.830
1-33
1.41
1.04
1.04
2.0 7
2.11
1.33
1.20
2.50
2.00
1.60
1.60
2.00
2.18
Table XI. Measured rates for Hydroquinone/4127 Film
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Al A2 A3 A4
<*> Cl Co Cl c0 cl co Cl
*L 1.411.35
1.18
1.27
1.56
1.08
1.25
0.95
1.14
0.920
1.28
0.960
1.25
0.780
0-9-K)
0.920
B2
1.88
1.88
2.24
2.50
1.45
1.58
1.85
1.40
O.97K)
1.15
1.60
1.65
0.870
0.880
0.810
0.900
B3 2.902.38
2.29
2.90
2.38
2.10
2.98
2.58
2.75
1.98
2.0 8
2.37
1.70
1.35
1.0 8
1.83
Table XII. Measured induction periods for N-methyl-p-
aminophenol/4127 Film
Al A2 A3 A4
Co Cl CO Cl Cb Cl Co Cl
Bl
0.357
0.315
0.412
0.426
0.415
0.493
0.538
0.588
0.667
0.673
0.731
1.00
0.719
0.787
0.784
0-999
B2
0.313
0.267
0.331
0.294
O.366
0.333
0.408
0.390
0.464
0.449
0.600
0.536
0.617
0.608
0.648
O.689
B3
0.133
0.134
0.177
3.170
0.170
0.172
O.267
0.282
0.233
0.236
0.301
0.333
0.345
0.350
0.469
0.431
Table XIII. Measured rates for N-methyl-p-aminophenol/
4127 Film
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Al A2 A3 A4
<*> Cl Go Cl Co Cl Co Cl
Bl 1.43
1.23
2.75
3.50
1.22
1.27
2.95
2.95
0.98
0.94
1.49
1.36
0.95
0.80
1.42
1.22
B2 1.811.86
5.12
4.85
1.65
1.60
3.85
3-55
1.49
1.42
2.75
3.00
1.20
1.45
2.13
2.35
B3 2.85
2.45
5.50
5.50
1.85
1.80
4.95
5.05
1.75
1.75
4.13
4.45
1.51
1.60
2.48
2.35
Table XIV. Measured induction periods for Hydroquinone/
Industrex R Film
Al A2 A3 H
Co Cl Co cl co Cl % Cl
Bl 1.331.45
0.774
1.00
2.96
2.50
1.00
0.828
2.93
2.67
1.14
1.05
3.48
3.33
1.54
1.52
B2 0-7923.804
0.727
0.857
1.48
1.47
0.833
0.890
2.39
2.35
0.994
0.927
2.40
3.16
1.27
1.04
B3 3.6743.784 0-7270.799
1.27
1.30
0.833
0.923
2.33
2.13
0.926
0.889
3.00
2.71
1.13
1.02
Table XV. Measured rates for Hydroquinone/lndustrex
fi Film
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Al A2 A3 A4
C0 Cl C0 Cl Co cl <b Cl
Bl 0.9700.990
1.18
1.04
0.960
1.02
0.880
0.750
0.960
0.910
0.980
0.980
0.950
0.943
O.77O
0.700
B2 1.27
1.42
1-35
1.25
1.30
1.55
1.30
1.50
1.25
1.26
1.45
1.20
1.08
1.20
0.950
1.12
B3
2.05
1.70
1.60
1.55
1.60
1.4l
1.48
1.60
1.50
1.76
1.70
1.50
1.43
1.25
1.30
1.35
Table XVI. Measured induction periods for N-methyl-p-
aminophenol/Industrex R Film
Al A2 A3 A4
<*> Cl <k) Cl co ci Co cl
Bl
0.940
1.25
0.870
O.876
1.67
1.74
1.55
1.50
2.55
2.25
2.40
2.12
2.93
2.45
2.29
2.46
B2 0.8330.800
0.698
0.813
1.24
1.35
1.12
1.10
1.73
1.68
1.95
1.57
1.82
1.97
I.87
1.95
B3
0.476
0.667
0.565
0.545
0.960
1.04
1.03
1.0 7
1.54
1.64
1.64
1.40
1.60
1.6l
1.71
1.71
Table XVII. Measured rates for N-methyl-p-aminophenol/
Industrex H Film
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APPENDIX B
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The following comprises a list of patents dealing
with past and present photographic technology related to
PEO. It is by no means complete, and the fact that PEO's
remain commercially dynamic can be confirmed by the patent
issue dates for some of the U. S. patents.
United States: 1,970,578
2,240,472 (1941)
2,400,532 (1946)
2,423,549 (1947)
2,441,389 (1948)
2,531,832 (1950)
2,533,990
2,708,161
2,708,162
2,886,437
2,944,900 (1960)
3,017,271
3,021,213 (1962)
3,062,647
3,129,100 (1964)
3,158,483
3,158,484
3,165,552 (1965)
3,210,192
3,271,157 (1966)
3,346,386 (1967)
119
3,495,981 (1970)
3,518,085
3,523,796
3,523,797
3 , 532 , 501
3,551,158
3,552,968 (1971)
3,558,314
3,558,321
3,567,458
3,573,913
3,576,637
3,577,237
3,579,214
3,582,346
3,597,214
3,615,500
3,615,519
3,615,612
3,617,290
3,617,292
3,622,330
3,625,697
3,635,717
3,663,229 (1972)
120
3,667,951
3,706,562
3,707,376
3,740,227
3,769,022 (1973)
3,779,769
3,785,823 (1974)
3,793,023
3,850,640
3,915,713 (1975)
Great Britain: 592,676 (1947)
847,322 (1960)
874,078 (1961)
874,079
931,018 (1963)
945,340
949,643
949,644
950,636
976,394
976,395
981,470 (1965)
996,746
1,119,075 (1968)
1,207,855
121
Belgium:
Canada :
East Germany:
USSR:
1,320,756
1,346,599 (1974)
1,346,996
577,232
579,339
597,144
609,497 (1960)
609,943
611,864 (1961)
635,753
641,382 (1962)
686,519
747,012
757,791
758,341
759,200
768,054
768,366
768,558
788,685
815,651
840,375
114,691 (1975)
164,527
253,574
282,059
122
331,361
923,891 (1960)
1,048,146
1,080,398
1,141,531 (1968)
1,961,842
2,031,407
2,049,150
2,128,951
2,212,846
2,422,772
2,241,567
2,244,916
2,263,808
123
France : 1,209,925
1,273,692
1,286,375
1,305,016
1,365,088
1,384,616
1,500,438
1,585,284
1,585,288
2,093,209
2 , 096 , 094
